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CCRT7 ligands CCL19 and CCL21 increase permissiveness of resting memory
CD47" T cells to HIV-1 infection: a novel model of HIV-1 latency
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Latent HIV-1 infection of resting memory
CD4* T cells represents the major barrier
to HIV-1 eradication. To determine whether
the CCR?7 ligands involved in lymphocyte
migration can alter HIV-1 infection of rest-
ing CD4+ T cells, we infected purified
resting CD4* T cells after incubation with
the chemokines CCL19 and CCL21. Incu-
bation with CCL19 or CCL21 did not alter
markers of T-cell activation or prolifera-

tion. However, after HIV-1 infection of
CCL19- or CCL21-treated CD4* T-cells,
we observed low-level HIV-1 production
but high concentrations of integrated
HIV-1 DNA, approaching that seen in
mitogen-stimulated T-cell blasts. Restimu-
lation of CCL19-treated infected CD4*
T cells resulted in virus production consis-
tent with establishment of postintegra-
tion latency. CCR7 ligands facilitate effi-

cient entry of HIV-1 into resting CD4*
T cells. These studies demonstrate a
unique action of the chemokines CCL19
and CCL21 and provide a novel model
with which to study HIV-1 latency in vitro.
(Blood. 2007;110:4161-4164)
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Introduction

The major barrier to eradication of HIV-1 is persistent long-lived
and latently infected resting CD4 ™ T cells.!? Preintegration latency
refers to unintegrated HIV-1 DNA that is unstable and will either
degrade or will integrate into the host cell genome, usually after
cell activation.>¢ Postintegration latency refers to the presence of
integrated HIV-1 DNA in cells that are not actively producing viral
particles. One of the paradoxes of postintegration latency is the
inefficiency of reverse transcription and integration of HIV-1 into
resting CD4* T cells from the peripheral blood,” whereas there is
efficient infection of resting CD4" T cells in lymphoid organ
cultures in vitro or in the tissues of HIV-1-infected persons or
SIV-infected macaques.3!!

The 2 known CCR7 ligands, CCL19 and CCL21, are constitu-
tively expressed in lymphoid organs, particularly by resident
stromal cells in the T-zone, and are critical for T-cell and dendritic
cell (DC) trafficking within secondary lymphoid organs.!>!* Given
that latent HIV-1 infection predominantly occurs in CCR7 express-
ing resting CD4* T cells!>!8 and that infection of resting CD4*
T cells occurs with greater efficiency in lymphoid tissue compared
with blood, we hypothesized that CCL19 and CCL21 may be
critical factors that condition resting CD4% T cells to HIV-1
infection, integration and latency.

Materials and methods

Isolation of CD4+* T cells

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-
Paque (GE Healthcare, Chalfont St. Giles, United Kingdom) density
centrifugation. Resting CD4™" T cells were obtained by negative selection
and magnetic beads (Figure 1A).

HIV-1 infection

Purified resting CD4™ T cells (either total or purified CD45RO ™ (naive) and
CD45RO™ (memory) T cells) were cultured for 3 days in the presence of
CCL19 (10-100 nM) or CCL21 (10-100 nM; R&D Systems, Minneapolis,
MN), phytohemagglutinin (PHA; 10 pg/mL)/interleukin-2 (IL-2)
(10 U/mL; Boehringer Mannheim, Mannheim, Germany) or left unacti-
vated. In some experiments, an antibody to CCR7, 3D12 (10 pg/mL; BD
Biosciences, Franklin Lakes, NJ) or IgG,, isotype control was added to
resting CD4" T cells 24 hours before addition of CCL19. We then infected
the cells with either pNL4.3 (X4 using) or ADS (R5 using) HIV-1 or HIV-1
containing a deletion in the nef gene (Anef) and replaced with enhanced
green fluorescent protein (EGFP) [pNL4.3 Anef EGFP and AD8 Anef
EGFP] or pNL4.3 with a mutation in integrase D116N'® (Figure 1B). All
infections were performed at a multiplicity of infection of 1 count per
minute reverse transcriptase (RT) per cell. RT concentration was deter-
mined as described previously.? In some experiments, integrated HIV-1
DNA was quantified using Alu-long terminal repeat (LTR) real-time
polymerase chain reaction (PCR) as described previously.”!

Flow cytometry

Cells were washed and stained with anti-CD25-phycoerythrin (PE), anti-
CD69-fluorescein isothiocyanate (FITC), human leukocyte antigen (HLA)-
DR-PE, anti-CCR7-PE, anti-CCR5-PE, and anti-CXCR4-PE (BD Bio-
sciences). Intracellular staining for expression of Ki-67 was performed as
described previously.?? Analysis was performed after 3, 24, 48, and
72 hours in culture using a FACSCalibur flow cytometer (BD Biosciences).

Identification of integrated virus

To determine whether integrated HIV-1 DNA was replication-competent,
purified resting CD4™ T cells were incubated with CCL19 or IL-2/PHA or
were left unactivated (as described above) and infected with HIV-1. The
cells were then restimulated in the presence or absence of L8 (Merck, White
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Figure 1. High levels of integrated HIV-1 in resting CD4™* T cells after incubation with CCL19 and CCL21. (A) Method used to purify resting CD4* T cells. Resting CD4+ T
cells were purified from peripheral blood mononuclear cells (PBMCs) by negative selection using mouse antibodies to human CD8 (American Type Culture Collection [ATCC],
Manassas, VA), CD14 (ATCC), CD16 (ATCC), CD19 (Hedi Zola, Flinders Medical Center, Adelaide, Australia), HLA-DR (Tony D’Apice, St Vincents Hospital, Melbourne,
Australia), CD69 (BD Biosciences), and CD11b (ATCC); magnetic beads conjugated with antibodies to mouse immunoglobulin G (Miltenyi Biotec, Bergisch Gladbach,
Germany) and magnetic-activated cell sorting. The mean purity was 97% (range, 95%-98%). In some experiments, resting CD4* T cells were further purified into naive
(CD45R0O ™) and memory (CD45RO*) CD4* T cells. (B) Method used to infect resting CD4" T cells. Purified resting CD4* T cells were activated for 3 days with CCL19/CCL21
or IL2/PHA or were left unactivated before infection with HIV-1. The cells were then maintained in IL-2 and supernatant and cells were collected after 4 and 7 days. (C) Low-level
productive infection after infection of resting CD4* T cells incubated with CCL19. Resting CD4™" T cells were cultured for 3 days with CCL19 (O) or IL-2/PHA ([J) or were
unactivated (¢ ) and infected with pNL4.3 HIV-1 or mock (A) as described previously in this paragraph. RT activity in the culture supernatants was determined at the indicated
time points. Mean plus SD (error bar) for 6 separate experiments is shown. (D) Experiments similar to those in panel C showing productive infection in CD4* T cells infected
with AD8. (E) Quantification of integrated HIV-1 DNA. Integrated HIV-1 DNA was quantified by Alu-LTR real-time PCR. Resting CD4* T cells were activated with CCL19 (M),
IL-2/PHA (), or unactivated (O) and were infected with HIV-1 pNL4.3 (n = 5; median + IQR [error bar]). Infection of CCL19-treated resting CD4* T cells with HIV-1 pNL4.3
D116N (integrase-; []) and HIV-1 pNL4.3 after incubation with CCR7 antibody 3D12 (10 ng/mL; i) did not show evidence of integrated HIV-1 DNA. The detection limit of the
assay was 330 copies/10° cells and is shown by --. (F) Phenotype of purified CD4* resting T cells after activation with different stimuli. CCL19 or CCL21 (10 nM), IL-2/PHA, or
unactivated cells were labeled after 3, 24, 48, and 72 hours for CD25, CD69, HLA-DR, and CCR7 and examined by flow cytometry (FCM). The percentage of CD4* T cells that

express the particular protein after 72 hours in culture is shown for all markers.

House Station, NJ) using a modified version of a method described
previously (Figure 2A).3

Statistical analysis

The Mann-Whitney nonparametric U test was used to determine any
significant differences between culture conditions. A P value less than .05
was considered significant.

Results and discussion

Incubation with CCL19 increased the permissiveness of resting
CD4+ T cells to HIV-1 infection

Highly purified total resting CD4™ T cells were incubated with
CCL19 or PHA/IL-2 or were left unactivated for 3 days before
infection with HIV-1. After infection with pNL4.3, there was
low-level production of RT in cells stimulated with CCL19 (n = 6;
mean *= SD = 73 * 26 cpm/mL at day 7 after infection) com-
pared with no RT production in unactivated cells (n = 6;
30 = 14 cpm/mL; P = .014), and an early peak of productive infection
after stimulation with IL2/PHA (n = 6; 1625 = 461 cpm/mL, P = .025)
(Figure 1C). Similar findings were obtained after infection with HIV-1
ADS (n = 3; Figure 1D). The low-level production of RT was similar
whether the cells were incubated with CCL19 or CCL21 (10 nM) alone
or in combination (data not shown).

We identified a high concentration of integrated HIV-1 DNA 4 days
after infection with pNILA4.3 of resting CD4* T cells pretreated with

10 nM CCL19 (n=15; median [interquartile range, IQR]: 29 000
[3860-78 000] copies per million cells; Figure 1E) compared with
infection of unactivated resting CD4* T cells (< 330 copies per million
cells; P < .001). It is noteworthy that the frequency of integrated DNA
in the CCL19 treated resting CD4" T cells was on average only 6-fold
less than in cells pre-treated with PHA/IL2 (n = 5; 200 000 [31 000-
250 000] copies per million cells; P = .05). We had similar results after
infection with HIV-1 ADS.

We separated resting CD4* T cells into CD45RO*- and
CD45RO ™ -enriched fractions, and only identified HIV-1 entry and
integration in the CD45RO™ fraction (n = 2; data not shown).
After infection with EGFP-expressing X4 and RS viruses, we were
unable to show any EGFP expression in either the resting or CCL19
conditioned resting CD4* T cells (data not shown), suggesting that
the low level RT production was unlikely to be secondary to a small
population of productively infected cells. In summary, these data
demonstrate high levels of HIV-1 integration and low level RT
production in resting CD4" memory T cells after incubation with
CCL19 or CCL21

Incubation of resting CD4* T cells with CCL19 and CCL21 led to
no change in T-cell activation and proliferation

Flow cytometry demonstrated that stimulation with CCL19, CCL21,
or both did not alter the expression of any activation markers
(HLA-DR, CD25, or CD69), (Figure 1F), and there was no change
in intracellular expression of Ki-67 or surface expression of
CXCR4 (data not shown). However, in cells incubated with CCL19
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Figure 2. Detection of virus after restimulation of infected cells. (A) Method used
for infection and restimulation. Resting CD4* T cells cultured for 3 days with CCL19
or PHA/IL-2 or left unactivated were subjected to a second round of activation by the
addition of activated PBMCs (aPBMC) at a ratio of 1:1 together with PHA and IL-2.
The PHA was removed the next day, and cultures were maintained in IL-2 alone. In
some experiments, the integrase inhibitor L8 was added before the second stimula-
tion. As a control for the activity of L8, L8 was added 24 hours before the initial
infection of PHA-stimulated PBMCs. Supernatants and cells were collected for
quantification of RT and integrated HIV-1 DNA, respectively. (B) RT production after
restimulation of resting CD4" T cells. Resting CD4™" T cells were cultured for 3 days
with CCL19 (@), or IL2/PHA (M) or unactivated (A) before infection with HIV-1 AD8 or
mock (A). Cultures were restimulated (closed symbols, solid lines) or not restimu-
lated (open symbols, dashed lines) as described above in panel A. RT activity in
culture supernatant from a representative experiment is shown (from 3 replicate
experiments). (C) RT production after restimulation in the presence and absence of
an integrase inhibitor. Resting CD4 " T cells were cultured for 3 days with CCL19 (@)
or unactivated (<) before infection with HIV-1 AD8 or mock (A). Integration
competent virus in CCL19-activated or unactivated CD4" T cells was identified by
culture in the presence (closed symbols, solid lines) or absence (open symbols,
dashed lines) of an HIV-1 integrase inhibitor (L-8; Merck) for 24 hours before the
second round of activation with PBMC, PHA and IL-2. The PHA was removed the next
day and the cultures were kept in IL-2 with or without L-8. As a control for activity of
L8, PBMCs were stimulated with PHA/IL-2 and then infected in the presence (M) or
absence ([J) of L8 (added 24 hours before infection). RT activity in culture
supernatant from a representative experiment is shown (from a total of 4 replicate
experiments). (D) The identical experiment to panel C but infection was with pNL4.3.
RT activity in culture supernatant from a representative experiment is shown (from a
total of 2 replicate experiments).
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or CCL21 compared with unactivated control cells, there was a
modest down-regulation of expression of CCR7 (Figure 1F) and a
slight increase in CCRS5 expression. A decrease in the mean
fluorescence intensity (MFI) of CCR7 was identified as early as
3 hours after CCL19 stimulation (data not shown).

Integrated virus was identified after incubation with CCL19

Virus replication was induced after stimulation of the HIV-1-
infected, CCL19-conditioned resting CD4* T cells (Figure 2A).
This was observed in both the presence and absence of an integrase
inhibitor (L8) after infection with either AD8 (Figure 2B,C) or
pNL4.3 (Figure 2D). We quantified the relative increase in RT
7 days after restimulation compared with cells cultured with the
chemokine alone or mitogen, but without a second restimulation. In
the CCL19-conditioned cells, after restimulation we observed an
increase in RT both in the presence and absence of L8. In contrast,
in the unactivated cells, we observed no increase in RT in the
presence of L8. There was only an increase in RT in the absence L8
(Figure 2C,D). These findings are consistent with the presence of
integrated virus in CCL19 conditioned CD4" T cells but not in
unactivated CD4" T cells.

Pretreatment of resting CD4™" T cells from blood with CCL19 or
CCL21 allows for efficient HIV-1 entry and viral integration and is
associated with restricted viral expression consistent with a robust
in vitro model for postintegration HIV-1 latency. These studies
demonstrate a novel action of the CCR7 ligands to facilitate
infection of resting CD4 " T cells and establish latency.
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All of the authors with the exception of Frank A. Baglia retract the results of
the experiment presented in Figure 3 of Sun M-F, Baglia FA, Ho D, Martincic
D, Ware RE, Walsh PN, and Gailani D. Defective binding of factor XI-N248 to
activated human platelets. Blood. 2001;98:125-129, because recent experi-
ments conducted by Dipali Sinha, Sergei Shikov, Wenman Wu, and Syed
Ahmad in the laboratory of Peter N. Walsh fail to confirm the conclusion that
activated platelets promote the activation of factor XI by thrombin. All of the
other results reported in this paper are valid. A detailed explanation of the
chronology of events leading to this retraction and the retraction of 2 papers
(Baglia FA, Walsh PN. Prothrombin is a cofactor for the binding of factor Xl to
the platelet surface and for platelet-mediated factor Xl activation by thrombin.
Biochemistry. 1998;37:2271-2281; Baglia FA, Walsh PN. Thrombin-
mediated feedback activation of factor X| on the activated platelet surface is
preferred over contact activation by factor Xlla or factor Xla. J Biol Chem.
2000;275:20514-20519) have been published in the journal Biochemistry
(bi-2007-01501k, accepted July 27, 2007). We apologize to the readers,
reviewers, and editors of Blood for publishing these erroneous data.

Mao-Fu Sun, David Ho, Danko Martincic, Russell E. Ware, Peter N. Walsh,
and David Gailani, authors
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